• Clotrimazole troches are commonly used as prophylaxis for thrush that may develop in immunocompromised patients.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Clotrimazole troches are commonly used as prophylaxis for thrush that may develop in immunocompromised patients.
• Conflicting data suggest that clotrimazole may induce or inhibit cytochrome P450 (CYP) 3A4.
WHAT THIS STUDY ADDS?
• We have demonstrated that clotrimazole increased the area under the concentration-time curve and decreased the apparent oral clearance of midazolam following oral administration without affecting the pharmacokinetic properties of midazolam after intravenous administration.
• These data permit the suggestion that clotrimazole may cause clinically relevant changes in the pharmacokinetics or pharmacodynamics of concurrently administered oral CYP3A substrates that undergo significant first-pass metabolism in this patient population.
AIMS
The aim of the study was to determine the effects of oral clotrimazole troches on the pharmacokinetics of oral and intravenous midazolam in the plasma.
METHODS
We conducted a randomized, open-label, four-way crossover study in 10 healthy volunteers. Each volunteer received oral midazolam 2 mg or intravenous midazolam 0.025 mg kg -1 with and without oral clotrimazole troches 10 mg taken three times daily for 5 days. Each study period was separated by 14 days. Serial blood samples were collected up to 24 h after oral midazolam and 6 h after intravenous midazolam. Plasma concentrations for midazolam and its metabolite 1-hydroxymidazolam were measured and fitted to a noncompartmental model to estimate the pharmacokinetic parameters.
RESULTS
Ten healthy volunteers aged 21-26 years provided written informed consent and were enrolled into the study. Clotrimazole decreased the apparent oral clearance of midazolam from 57 Ϯ 13 l h -1 [95% confidence interval 48, 66] to 36 Ϯ 9.8 l h -1 (95% confidence interval 29, 43) (P = 0.003). These changes were accompanied by a decrease in the area under the concentration-time curve (mean difference 22 mg h -1 l
Introduction
Clotrimazole is an oral triazole antifungal drug that is effective for the prophylaxis of thrush in immunocompromised patients [1] [2] [3] . Drug-drug interactions occur frequently in this patient population and it is known that other triazole antifungal drugs, including itraconazole, fluconazole, posaconazole and voriconazole, may contribute to these known interactions. Itraconazole, fluconazole, posaconazole and voriconazole work by inhibiting the fungal cytochrome P450 14-a-sterol demethylase.Furthermore, it appears that these triazole antifungal drugs inhibit multiple cytochrome P450 (CYP) enzymes, including the most abundant enzyme in the intestines and liver, CYP3A4 [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, it is not clear whether clotrimazole troches can inhibit or induce CYP3A in humans, with conflicting data from laboratory and human studies, and whether sufficient amounts of clotrimazole are systemically absorbed following administration of the oral troches to inhibit or induce CYP3A activity in humans [14] [15] [16] [17] [18] [19] .
A case report described an interaction between clotrimazole and tacrolimus, a calceurin inhibitor that undergoes metabolism by CYP3A4, in a liver transplant recipient [16] . A study was subsequently conducted in renal allograft recipients to determine if clotrimazole increased the steady-state trough concentrations of oral tacrolimus [17] . The mean tacrolimus blood trough concentrations were higher (P < 0.05) and the mean tacrolimus dose was lower (P < 0.05) in patients receiving clotrimazole compared with those receiving nystatin; nystatin is another antifungal drug that is effective for the prophylaxis of thrush. These findings suggested that oral clotrimazole inhibited intestinal CYP3A or P-glycoprotein (P-gp), since oral tacrolimus undergoes transport by intestinal P-gp and presystemic metabolism by intestinal CYP3A [20] . It is assumed that oral clotrimazole troches yield limited systemic concentrations, since this formulation is designed to dissolve in the mouth and treat local infections in the mouth and throat.
Whereas these data suggest that clotrimazole inhibits CYP3A, two laboratory studies conducted in primary human hepatocytes or human colon carcinoma cells suggest that clotrimazole induces CYP3A4. Clotrimazole increased CYP3A4 expression [15, 18] and activated pregnane X receptor [15, 21] , an orphan nuclear receptor that influences the transcription of CYP3A4 and other cytochrome P450 isozymes. These data suggest that clotrimazole induces CYP3A4 activity in the laboratory, but inhibits CYP3A in humans. Two additional laboratory studies conducted in human liver microsomes suggest that clotrimazole inhibits CYP3A4 [14, 19] . Although primary human hepatocytes provide a unique cellular system to examine accurately the effects of xenobiotics on cytochrome P450 enzymes [22] , the net effect of clotrimazole on CYP3A activity should be examined in humans. Therefore, we determined the effects of oral clotrimazole troches on the pharmacokinetics of midazolam after oral and intravenous (i.v.) administration; midazolam is a common probe drug used as a surrogate measure of CYP3A activity in humans. Of note, one laboratory study to date does indicate that clotrimazole can induce P-gp protein in human colon carcinoma cells; however, other oral triazole antifungal drugs appear to inhibit P-glycoprotein competitively [23] [24] [25] [26] [27] . P-gp is not the focus of the current study.
Methods

Study population
Ten healthy volunteers aged 18-55 years were eligible for enrollment. Subjects were required to have normal hepatic, renal and bone marrow function and physical examination. Subjects were excluded for contraindications to clotrimazole or midazolam, including allergy and documented cardiac or pulmonary diseases. Women of childbearing age were excluded if they were pregnant or breastfeeding. All subjects were instructed to use two proven methods of birth control within 2 weeks of starting and completing the study. Smoking, alcohol consumption, caffeine-containing beverages, or medications known to induce or inhibit CYP3A4 were prohibited for at least 1 week before each study visit. Each subject provided written informed consent before any study-related procedures were initiated.
Study design
This randomized, open-label, four-way crossover study was Oral clotrimazole troches 10 mg three times daily for 5 days were provided before two of the study visits.The subjects were instructed to take the final clotrimazole dose about 1 h before the administration of midazolam. Adherence was assessed by counting the number of pills remaining the morning of the study visit.
For oral administration, each subject received i.v. midazolam solution 2 mg by mouth. The oral midazolam solution was prepared by mixing the i.v. midazolam solution with 50 ml of apple juice [28] . Each subject provided blood at baseline and 0.5, 1, 2, 4, 5, 6, 12 and 24 h after the dose. For i.v. administration, each subject received midazolam 0.025 mg kg -1 as an i.v. bolus. Each subject provided blood at baseline and 0.25, 0.5, 1, 2, 4, 5, 6 h after the dose. Blood was collected in heparin-containing blood collection tubes. The plasma was separated by centrifugation at 4°C for~15 min at 1500 g within 30 min of collection and stored at -20°C until analysis.
Determination of midazolam and 1-hydroxymidazolam
All assays were performed in the Clinical Research Laboratory at the University of Illinois, College of Pharmacy. Plasma concentrations for midazolam and hydoxymidazolam were determined using reverse-phase highperformance liquid chromatography [29] . Midazolam was graciously provided by Hoffman-La Roche Inc. (Nutley, NJ, USA). Hydroxymidazolam was purchased from Lipomed Inc. (Cambridge, MA, USA) and the internal standard, flurazepam, was purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Briefly, subject plasma or pooled human plasma containing known concentrations of midazolam and 1-hydroxymidazolam was mixed with the internal standard flurazepam and 0.1 M sodium acetate buffer, pH 5.0 that contained b-glucuronidase and incubated at 37°C for 24 h. The mixtures were extracted with methyl-tert butyl ether (Fisher Scientific, Fair Lawn, NJ, USA). After centrifugation, the resulting supernatant was evaporated under a stream of nitrogen in a heated water bath. The residue was reconstituted with a mixture of methanol: 2-propanol:perchloric acid containing 0.015% perchloric acid. Midazolam and its metabolites were separated on a 5-mm Spherisorb CN 150 mm ¥ 4.6 mm analytical column (Alltech Associates, Inc., Deerfield, IL, USA). The column eluate was monitored at 215 and 245 nm. An isocratic flow rate of 1.5 ml min -1 was maintained for a total run time of 10 min with 1-hydroxymidazolam, midazolam and flurazepam eluting at 3.2, 3.8 and 4.6 min, respectively. The standard curves for midazolam and 1-hydroxymidazolam were linear from 2.5 to 100 mg l -1 and the lower limit of detection was 0.5 mg l -1 . The within-day and between-day variability measured for low, medium and high concentrations of the quality control samples were <5% and <10%, respectively, for both midazolam and 1-hydroxymidazolam and the stock solutions for midazolam and 1-hydroxymidazolam were stable at -20°C for 6 months in 100% methanol.
Determination of clotrimazole plasma concentrations
Plasma clotrimazole concentrations were determined using a previously published method with minor modifications [30] . Subject plasma or pooled human plasma containing known concentrations of clotrimazole were mixed with acetonitrile and the internal standard ketoconazole was buffered with methanol-0.05 M sodium hydroxide (40:60 v/v) and extracted with acetonitrile-n-butyl chloride (1:4 v/v). After centrifugation, the solution was evaporated to dryness and clotrimazole was reconstituted in a mixture of water and acetonitrile (50:50, v/v). An aliquot of the reconstituted material was injected into the highperformance liquid chromatography system fitted with a 10-mm Bondapak C 18 300 mm ¥ 3.9 mm analytical column (Waters, Milford, MA, USA). The mobile phase was pumped at 1.0 ml min -1 and the column eluate was monitored at 226 nm. The retention times for ketoconazole and clotrimazole were 8.1 and 16.7 min, respectively. The assay was linear from 1 to 20 mg l -1 with a lower limit of detection of 0.05 mg l -1 .The within-day and between-day coefficients of variation, which were determined for low, medium and high concentrations of quality control samples included in each analytic run, were <15%. Clotrimazole and the internal standard were purchased from ICN Biomedical, Inc. (Aurora, OH, USA).
Pharmacokinetic analysis
Noncompartmental analysis was used to estimate the pharmacokinetic parameters for midazolam and 1-hydroxymidazolam with the aide of the program WinNonlin® Professional Version 4.0 (Pharsight Corp., Mountain View, CA, USA). The apparent peak plasma concentration (Cmax) and the time to peak concentration (Tmax) for 1-hydroxymidazolam were visually identified from the individual concentration-time profiles. The elimination rate constant was determined by nonlinear leastsquare regression and the elimination half-life was calculated by dividing this rate constant by the natural logarithm of two. The area under the concentration-time curve (AUC) for midazolam and 1-hydroxymidazolam was calculated using the log-linear trapezoidal rule. The AUC was extrapolated to infinity by dividing the last measured concentration by the terminal elimination rate constant. The extrapolated area for i.v. and oral data was <15% with and without clotrimazole for most volunteers.
Oral bioavailability (F) was determined by the following equation: F = (AUC0→• oral/doseoral)/(AUC0→• IV/doseIV). The hepatic extraction ratio (EH) was determined by the following equation: EH = CLIV/QH such that QH = 25.4 ml min -1 kg -1
¥ total body weight (kg). The intestinal availability (FG) and intestinal extraction ratio (EG) were determined by the following equations: FG = 1 -[F/(1 -EH)]
and EG = 1 -FG [31, 32] . We assumed the liver was the only organ responsible for eliminating i.v. midazolam when determining the hepatic availability (FH = 1 -EH) and that the intestinal absorption of midazolam approaches unity when determining intestinal availability [31] [32] [33] [34] .
Statistical analysis
All continuous variables are expressed as a mean Ϯ SD and all categorical variables are expressed as number and percentage. Nine subjects were needed to detect a 25% change in the clearance following oral or i.v. administration with 80% power and a level of statistical significance of P = 0.025 (Bonferroni correction). Repeated measures ANOVA was used to assess the effect of clotrimazole and the potential interaction effect between clotrimazole and the manner of clearance (oral vs. systemic). The Proc GLM in the SAS statistical software version 9.1 (SAS Institute Inc., Cary, NC, USA) was used for performing the statistical analysis.
Results
Study population
Ten healthy volunteers, including six men and four women ranging in age from 21 to 26 years, were enrolled and completed the study. The study population included seven Asians, two Whites and one Hispanic. The mean total body weight was 70.4 Ϯ 10.7 kg. No adverse events were reported.
Oral midazolam
The mean apparent oral clearance of midazolam was decreased after clotrimazole administration from 57 Ϯ 13 to 36 Ϯ 9.8 l h -1 (P = 0.003). These changes were accompanied by a statistically significant increase in the mean area under the concentration-time curve (mean difference = 22 mg h -1 l -1 , P = 0.001) (Table 1, Figure 1a) . The mean bioavailability F increased from 0.56 Ϯ 0.20 (without clotrimazole) to 0.77 Ϯ 0.15 (with clotrimazole), the mean FG increased from 0.75 Ϯ 0.23 to 0.95 Ϯ 0.11 and the mean EG decreased from 0.25 Ϯ 0.23 to 0.06 Ϯ 0.09 after clotrimazole administration; these differences did not reach statistical significance.
The mean Cmax of 1-hydroxymidazolam declined from 28 Ϯ 7.9 to 19 Ϯ 4.3 mg l -1 after clotrimazole administration (P = 0.001). However, the AUC0-6 for 1-hydroxymidazolam increased from 50 Ϯ 8.9 to 72 Ϯ 12 mg h -1 l -1 after receiving clotrimazole (P < 0.001) (Figure 1b) . 
Intravenous midazolam
There were no significant differences in the systemic clearance of midazolam with or without clotrimazole troches (Table 1 , Figure 2a ). The hepatic extraction ratio similarly remained unaffected by clotrimazole. Subsequently, the Cmax and AUC0-6 for 1-hydroxymidazolam were unchanged (Table 1, Figure 2b ).
Clotrimazole concentrations
The subjects achieved mean concentrations of clotrimazole of 2.7 Ϯ 1.8 mg l -1 (7.8 Ϯ 5.2 nM) and 2.4 Ϯ 1.0 mg l -1
Discussion
The results of this study suggest that oral clotrimazole troches administered for 5 days can reduce the apparent oral clearance of midazolam. We have demonstrated that clotrimazole administered for 5 days before a single oral dose of midazolam 2 mg decreased the apparent oral clearance (~40%) and increased the AUC (~40%). Furthermore, oral and intestinal bioavailability were increased, although these differences did not reach statistical significance. The pharmacokinetic properties of midazolam following i.v. administration were not affected by clotrimazole administration. Comparatively, clotrimazole troches caused a 60% decrease in the apparent oral clearance of tacrolimus in kidney transplant recipients [17] .
Our findings appear to indicate that clotrimazole reduces the presystemic metabolism of midazolam by intestinal CYP3A4 without affecting the systemic metabolism of midazolam by hepatic CYP3A4. We propose that clotrimazole achieved adequate local concentrations in the intestines to inhibit intestinal CYP3A, but insufficient concentrations in the hepatic circulation to inhibit hepatic CYP3A. Laboratory data in human liver microsomes estimate the Ki to range from 250 pM to 20 nM [14, 19] ; our data suggest that the estimate of 20 nM is more accurate, since we noted only inhibition of intestinal CYP3A4 with systemic concentrations of 7 nM. Furthermore, the elimination half-life of clotrimazole may be short and limit the concentrations achieved in the hepatic circulation. The pharmacokinetic properties of clotrimazole following topical administration of oral troches are not available. Alternatively, clotrimazole may have delayed the intestinal dissolution of midazolam following oral administration of the i.v. formulation. The solubility of midazolam is pH dependent and the oral absorption of the parent drug is highly variable following nonstandard oral formulations [35] . Clotrimazole is highly water soluble, whereas midazolam is highly fat soluble. Oral absorption and metabolite production would be delayed, as illustrated in Figure 1a ,b.
The effects of clotrimazole on CYP3A activity are consistent with previous reports describing the effects of ketoconazole, posaconazole and fluconazole on midazolam pharmacokinetic parameters in humans [11, [36] [37] [38] [39] and on CYP3A4 activity in the laboratory [40] , in that these drugs typically inhibit CYP3A activity. These findings support the conclusions generated by the study conducted in renal allograft recipients that oral clotrimazole increased the mean trough concentration for oral tacrolimus by inhibiting CYP3A activity [17] . Since midazolam is not a substrate of P-gp, the findings from these two studies collectively indicate that clotrimazole is a clinically important CYP3A inhibitor, although it was once believed that topical administration of clotrimazole did not lead to systemic absorption. Furthermore, consistent with the results from other studies, it appears that triazole antifungal agents have a profound inhibitory effect on the intestinal metabolism of CYP3A substrates. This implies that inhibiting intestinal CYP3A by these drugs is likely to contribute to the reported drug-drug interactions in immunocompromised patients. However, the consequences of this potential drug-drug interaction depend on multiple factors, including route of administration, schedule of administration, and dose, as well as the correlation between the pharmacokinetics and pharmacodynamic parameters.
The changes in the pharmacokinetic properties of oral midazolam were accompanied by changes in the Cmax and AUC of the 1-hydroxymidazolam metabolite. The Cmax probably decreased secondary to inhibition of CYP3A and the reduced metabolism of the parent drug. However, the AUC0-6 substantially increased. The data appear to suggest that the elimination of this metabolite was suppressed. This metabolite is glucuronidated, then renally eliminated. Since triazole antifungal drugs can inhibit glucuronidation, it is plausible that clotrimazole limited the elimination of this metabolite [41] [42] [43] . The Cmax was also delayed following oral administration, suggesting that clotrimazole may be affecting intestinal absorption (Tmax control 0.8 Ϯ 0.5 0.25 h, and clotrimazole 2.0 Ϯ 0.5 0.90 h, P = 0.001); these changes were not observed following i.v. administration.
Laboratory and human data conflict regarding the overall effects of clotrimazole on CYP3A. As stated in the Introduction, two laboratory studies indicate that clotrimazole 2-20 mM substantially induces CYP3A4 protein and activity and activates the pregnane X receptor [15, 18] . These concentrations greatly exceed systemic concentrations in humans and the inhibitory constant reported in the laboratory [33] .Therefore, it is unlikely that induction will occur in humans.
In summary, our data suggest that oral clotrimazole troches inhibit the presystemic metabolism of midazolam without altering systemic metabolism. Therefore, it is plausible that oral clotrimazole troches could reduce the availability of oral drugs that undergo metabolism by intestinal CYP3A4.
